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ABSTRACT 

The overall object of t h i s  contract is the reduction of 

the weight-to-power ratio of the hydrogen-oxygen fuel cel l .  

the th i rd  quarter of the contract has been concentrated on exploration 

of t h e  operating range of cells made up w i t h  Standard and High-Loading 

electrodes i n  canbination w i t h  Fuel Cell  and ACCO Asbestos matrices. 

Extensive life-testing w a s  a lso  conducted and factors contributing t o  

Work i n  

performance decline investigated. 

A 6 inch x 6 inch active area test c e l l  w a s  designed and 

constructed. Theoretical analysis w a s  made of the  electrolyte concentration 

and temperature gradients t o  be expected i n  a fuel c e l l  operating with 

dynamic heat and water removal w i t h  no auxiliary cooling. 
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1. ILTITRomcTIor4 

1.1 Objectives 

I 

I 

I 

I 
I 

The objectives of the National Aeronautics and Space Administration 

Contract EIAS 3-2786 are indicated by Article I i n  the  Statement of Work of 

RFP NO. MOO-1508. 

ARTICLE I - OBJECTIVES I 

(a) 
interest  t o  XASA because of i t s  high e lec t r ica l  work output per unit  of weight 
of reactants. 
practical cel ls .  
pounds per kilowatt neglecting reactants and tankage. 
of hydrogen-oxygen fue l  c e l l  research i s  the reduction of the weight-to-parer 
ratio. 

A fuel  c e l l  u t i l i z ing  hydrogen and oxygen reactants i s  of considerable 

The efficiency of hydrogen-oxygen fuel  ce l l s  i s  6 6  or better i n  
These ce l l s  have a power plant weight of approximately 150 

The chief objective 

(b) An important fa.ctor i n  determining t h e  f+uel cell weight is the 
weight of the electrode and its supporting structure. 
support research and development e f for t s  directed towards obtaining electrode 
systems which w i l l  produce a higher electrochemical reaction ra te  per uni t  
weight of electrode and assembly w h i l e  maintaining a, satisfactory fuel  
consumption efficiency. 

The intent i s  to 

( c  ) While t h i s  FlFP suggests t h a t  high-performance, light-weight 
electrodes are the basic interest ,  it should be understood tha t  t h e  weight 
and efficiency of the  en t i re  power plant mst be included t o  i n  fac t  achieve 
the purpose of t h i s  effort:  
to-power ratio.  

namely, the reduction of the  fuel c e l l  weight- 

1.2 scope 

The scope of work t o  be done by American Cyanamid Ccxnpany during the 
contract year i s  outlined i n  t h e  Schedule of Work, presented i n  the F i r s t  
Quarterly Report ( 1) 

Work i n  the t h i r d  quarter unacy Phase I of the  Schedule of Work was 
devoted primarily t o  the evaluation of performance of several promising 
electrode-matrix canbinations over a ;r ide range of experimental conditions. 
Extensive l i f e  tes t ing  was conducted. I n  addition, work under Phase I1 
o f t h e  Schedule of Work was undertaken t o  scale up to 6 inch x 6 inch 
single cel ls ,  and t o  consider analytically the design of a, gas dist r ibutor  
plate t o  be used i n  a prototype bat tery stack. Plans  for  work i n  the 
fou r th  quarter of th i s  contract are included i n  the last section of 
t h i s  report. 

1 



2. SUMMARY 

Following is a s ~ r m a r y  of t h e  major findings of t h e  t h i r d  

Quarterly report  period. 

( 1 )  Microscopic examinations indicate  possible s in t e r ing  

of platinum on the  hydrogen electrode surface facing the asbestos matrix 

during extended t e s t s .  

e f f ec t  on electrode performance. 

There i s  no evidence tha t  t h i s  change has any 

(2 )  A study was made over a w i d e  range of operating 

conditions of the  performance charac te r i s t ics  of cells having components 

consis t ing of the  four possible cmbinations of Standard and High-Loading 

electrodes,with Fuel Cel l  Asbestos, and ACCO Asbestos. 

( 3 )  Optimum matrix thickness appears t o  be 20-40 m i l s  f o r  

ACCO Asbestos and 10-20 m i l s  f o r  Fuel C e l l  Asbestos. U s e  of t h i s  

thickness permits maximum stable current dens i t i e s  of over 1000 ma/cm2 i n  

short  term t e s t s .  

( 4 )  Minimum c e l l  resistance and maximum c e l l  performance 

w a s  achieved at c e l l  assembly pressure i n  the  range 60-180 psi and at 

e l ec t ro ly t e  loadings of 1.5-3.0 g electrolyte/g ACCO Asbestos or 

0.5-1.0 g/g of Fuel C e l l  Asbestos. 

( 5 )  I n  general , c e l l  performance increased w i t h  increasing 

concentration of e lec t ro ly te  at c a l l  current dens i t i e s  except a t  o r  

very close t o  maximum s tab le  current dens i t ies .  Performance decreased 

sharply at  concentrations below 3-Y, probably because the high p a r t i a l  

pressure of water interfkreswith transport  of reactants .  

(6) Increase of absolute pressure t o  two atmospheres 

markedly improved performance a t  low e l ec t ro ly t e  concentrations. Thus, 

an increase i n  po ten t i a l  of 130 mi l l ivo l t s  at  200 ma/cm2 is  observed a t  

100°C i n  3N KOH. 

200 t o  1200 ma/cm2 by the  same increase i n  pressure. 

Maximum s tab le  current densi ty  i s  increased from 

2 



( 7 )  Performance generally increased and c e l l  internal  res is-  I 
tance generally decreased as temperature was increased i n  t h e  range 

70-100°C. 

concentrations. 

is generally more stable when the ce l l s  are  operated a t  higher temperatures. ' 

The temperature effect  w a s  more pronounced a t  higher electrolyte 

Performance at high current densit ies (e.g., 1000 ma/cm2) 

(8) The operating temperature range was extended t o  140°C and 

electrolyte concentration t o  1 7 - 1 9 .  

ACCO Asbestos, the combination of higher temperature and electrolyte 

concentration permits a further improvement i n  performance. 

performance w a s  achieved at 140°C with 1 9  KOH. 

0.99 volt  a t  200 maJan2 and 0.84 at  600 ma/cm2. 

Using High-Loading electrodes and 

Thus, highest 

Working potential  was 

( 9 )  The combination of High-Loading electrodes and ACCO 

Asbestos proved best frm the standpoint of achieving maximum performance 

in  short term t e s t s .  Life-testing is  i n  progress t o  determine t h e  comparative 

long term s t ab i l i t y  of these systems. I I 

(10) I n  a study of the effect  of carbonate concentration on I 

performance it appears tha t  over the range 0-200 m/a2 performance is 

governed by absolute KOH concentration and i s  affected l i t t l e  by addition 

of carbonate up t o  an equal concentration by weight. 

(11) L i f e  t e s t s  w i t h  High-Loading electrodes showed, i n  general, 

a higher level of performance than with Standard electrodes. 

o f  voltage decline with time w a s  about the same as for  Standard electrodes. 

Magnitude 
I 

High-Loading e l e c t r d e s  perform more stably a t  higher current densit ies.  I 

(12) A c e l l  containing Standard AB-1 electrodes was operated 

Average decline ra te  was about a t  100 ma/cm2 at l 0 0 O C  for 1105 hours. 

3 mv/lOO hours. 

3 



(13) A c e l l  containing Standard AB-1 e lectrodes has been 

During t h i s  period operated f o r  3374 hours a t  100 ma/cm2 a t  70°C. 

gases were reversed (hydrogen on the oxygen s i d e  and vice versa)  four 

times and c e l l  po ten t ia l  w a s  maintained between 0.835 and 0.81 vo l t .  

Tests were run i n  which nickel  pa r t s  of t he  f u e l  c e l l  

were systematically replaced by platinum. It appears t h a t  the small 

observed decline i n  c e l l  performance can be a t t r i bu ted  t o  Formation 

of an oxide on the  cathode support screen. 

problem a re  under investigation. 

(14)  

Means of overcoming t h i s  

(15) A pressure c e l l  was constructed and t es ted  s a t i s f a c t o r i l y  

a t  pressures up t o  60 psig.  

(16) Optimum operating conditions f o r  scale-up were 

chosen depending on whether or  not fuel and associated tankage is 

included i n  t o t a l  weight. I n  the former case operation a t  l3H KOH is 

preferred,  i n  the  latter case 'jH KOH is preferred.  

on the r e l a t i v e  importance of weight and parer requirements of the  

hydrogen c i rcu la t ion  pump. 

The choice depends 

(17) A 6 inch x 6 inch single c e l l  employing a gas d i s t r i b u t i o n  

system proven sa t i s fac tory  by t e s t s  on a p l a s t i c  m o d e l  was designed and 

constructed. 

(18) I n  order t o  study theore t ica l ly  the  performance of a given 

c e l l  i n  a bat tery s tack as it w i l l  be influenced by gradients i n  e l ec t ro ly t e  

concentration, e l ec t ro ly t e  loading,  and temperature, a mathematical model 

has been developed. General d i f f e ren t i a l  mass and energy balances were 

s e t  up and solved f o r  a system employing dynamic heat and water removal 

from the  ba t te ry  wi th  no auxi l ia ry  cooling. 

progress f o r  the case w i t h  auxi l iary cooling. 

Similar calculat ions a re  i n  

4 



(19) "his simulation predicts for  dynamic heat and water removal: 

a,. 1 Temperature and pa r t i a l  pressure of water i n  the bulk 
, 

hydrogen stream w i l l  be essent ia l ly  the  same as a t  the 
1 

adjacent electrode surface at any point, even a.t current i 
densit ies i n  excess of 500 ma/cm2. 

b. The steady s t a t e  e lectrolyte  concentrakion gradients ' 

w i l l  depend only on the temperature gradients. 

c. Overall temperature and electrolyte concentration gradient4 

should be independent of the distance between the i n l e t  

and out le t  channels. 

d .  

w i l l  be necessary t o  ma.intain KOH concentration above 5N. 

e. i n  order t o  l i m i t  concentration gradients t o  a 2-3N 

variation internal  cooling w i l l  be required. 

Preheating of the  hydmgen stream entering t h e  ba.ttery 

I 

5 



3 .  MATERIALS INVESTIGA'I'ION 

3.1 Microscopic Examination of Used Fuel Cel l  Electrodes 

During the course of the l i f e - t e s t ing  program, it has been 

observed t h a t  the hydrogen electrode almost invariably develops a ra ther  

uniform grey discoloration on the side facing the matrix. This "greying" 

is  not observed on the gas side of the hydrogen electrode, or  on e i t h e r  

side of the  oxygen electrode. 

electrode (but  not the oxygen electrode) t o  s t i c k  t o  the asbestos matrix. 

Further, there  i s  a tendency f o r  the  hydrogen 

I n  order t o  a i d  i n  interpretat ion of these observations, a number of 
electrodes were submitted fo r  electron microscopy. The electrode surfaces 

were examined by a ge la t in-s i l ica  replica technique which, i n  addition 

t o  rep l ica t ing  the surface topography, a l s o  enabled a portion of t h e  

consti tuents t o  be removed fram the  surface of the  electrode f o r  d i r ec t  

examination i n  the electron microscope. 

Samples submitted included unused electrodes,  electrodes 

used i n  l i f e  t e s t s  of varying duration, and electrodes exposed t o  hydrogen 

or oxygen i n  a fue l  c e l l  assembly but w i t h  the same gas on both s ides  

so t h a t  there  w a s  no electrochemical reaction. 

Both surfaces of the used electrodes ( i . e .  - matrix s ide 

and gas s ide )  were examined by electron microscopy. 

s ide of t h e  hydrogen electrodes tested under current drain w a s  there  

Only on the  matrix 

any discernable difference between the used and unused electrodes.  

6 



A t  t h i s  surface the  platinum part ic les  appeared coarser and more cmpact 

than on the  other surfaces. This effect  is i l lustrated i n  Figures 3-1 I 
t o  3-3. 

I 

Teflon la tex par t ic les  and f ibr i ls  and aggregates of platinum particles. ,  

Figure 3-2 shows a replica of the matrix side of a used oxygen electrode 
I 

Note tha t  the "finestructure" of the platinum, vis ible  around the  edges 

of the aggregates, i s  similar t o  that  i n  the unused electrode. F'igurj 3&3 

shows the matrix side of a used hydrogen electrode. 

visibly greyed. The extraction replica indicates an apparent growth 

of the ultimate platinum part ic les  and compaction of the aggregates. 

The microscopic examinations described above indicate sane 

Figure 3-1, an extraction replica of an unused electrode shows 

- J  

This surface w a s  

possible sintering of the platinum on the hydrogen electrode surface. 

The fac t  that  the changes observed occurred only at the matrix side 

of the hydrogen electrode, and only when current was being drawn frcun 

the  ce l l ,  suggests t ha t  t h i s  sintering may be caused by the heat 

released by neutralization of hydrogen ions as they are formed a t  

the electrode-electrolyte interface. 

While there is strong evidence t h a t  scme sor t  of s inter ing 

process occurs under l i f e  t e s t  conditions, there is no real indication 

that t h i s  sintering has any appreciable effect  on electrode performance. 

Electrodes which have developed a very pronounced grey surface during 

l i fe- tes t ing (those frm l i f e  2-45, for example) have been shown t o  

retain t h e i r  original act ivi ty .  

7 



FIGURE 3-1 Extraction Replica of Surface of Unused AB-1 Electrode, 6464-51-15. 
EM 20,ooox 

16393 - 5 
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FIGURE 3-2 Extraction Replica of Front (Matrix Side) Surface of Used 
AB-1 Oxygen Electrode, 20,OOOX 16397-5 
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FIGURE 3-3 Extract ion Replica. of Front (Matrix S i d e )  Surface of Used 
AR-1 Hydrogen Electrode, EM 20,000X 16397-5 

10 



3.2 Corrosion Tests ~ 

I 
Oxidation of nickel c e l l  par ts  i s  believed t o  be a factor 

I 
contributing t o  t h e  damward performance trends observed i n  t h e  l i f e -  I 

t es t ing  program (see section 5.2.8). .Several approaches t o  t h i s  problem 
I 

I 

are being investigated. i 

I (a) 

( b )  Development of conductive oxide films by l i t h i a t ion  or  I 

Plating nickel par ts  ( screens) w i t h  precious metals. , 

I 

by electrochemical means. 

Substitution of more corrosion-resistant, non-precious metals. ( c )  

For par t  (e),  corrosion tests have been ini t ia ted on twelve metals 

selected after a survey of the  l i t e ra ture .  These m e t a l s  are l i s ted  i n  

Table 3-1. 

Alloy 

TABLE 3-1 

C r  - 
Monel - 

Hastelloy 3-235 15 

Hastelloy B - 
Hastelloy C 15 

Carpenter 20 C b  . 20 

Nimonic 75 20 

Incoloy 804 30 

Inconel 1 5  

Alloy 25 19 

Metals for Corrosion Testing 

Nickel 

Nickel L (Low Carbon) 

N i  

67 

65 

66 

56 

27 

77 

44 

77 

9 

- 
Major Constituents, W t .  '$ 

Mo Cu Fe T i  Co W - - - - - -  
- 31 - - - - 

- - 3  - 51 1 5  

2 -  

- 1  

Zirconium 



Corrosion t e s t s  on the above metals are i n  progress. Saarple 

coupons were p a r t i a l l y  submerged i n  a 35 w t .  $ KOH so lu t ion  a t  l l O " C ,  with 

oxygen bubbling through. The samples are t o  be checked f o r  res i s tance  

t o  tarnishing and fo r  weight loss. It may also be possible  t o  obtain 

information per t inent  t o  the use of these metals in fuel cells by measuring 

the  e l e c t r i c a l  res is tance of the  samples (including surface oxide f i lms)  

a f t e r  exposure i n  the  corrosion t e s t s .  

While these corrosion t e s t s  a re  s t i l l  i n  progress, some 

A l l  of qua l i t a t ive  observations can be made a t  the present time. 

the samples showed same degree of tarnishing within t e n  days of 

exposure. 

low-carbon nickel,  and Inconel. 

The best  metals from t h i s  standpoint appear t o  be zirconium, 

12 



4. ELECTRODEDEVELO€"T I 
For the  present, High-Loading electrodes containing 40 mg Pt/cm2 

and 25s Teflon deposited on a 40 mesh 10 m i l  w i r e  nickel screen are 

considered as the new preferred electrode for use i n  l i fe- tes t ing and I 
scale-up programs. Investigations currently i n  progress i n  the  areas I 

of l i fe- tes t ing and corrosion resistance should determine i f  further m o d i f i -  

I 

cations are desirable. 



5. SMALL SCPLS TESTING 

5.1 Performa.nce vs. Operating Conditions 

I n  order t o  determine operating conditions which give maximum 

performance, the  invest igat ion was continued on the  e f f e c t  of c e l l  

assembly and operating var iables  f o r  the following four electrode- 

matrix systems : 

Electrodes Matrix 

Standard Type AB-1 (9  mg Pt/cm2) ACCO Asbestos(a) 

Standard Type AB-1 (9  mg Pt/cm2) Fuel Cell Asbestos (0) 

High-Loading (40 mg Pt/cm2) 

High-Loading (40 mg Pt/cm2) 

ACCO Asbestos 

Fuel Ce l l  Asbestos 

C e l l  assembly and operating var iables  included: 

1. matrix thickness 

2. c e l l  assembly pressure 

3.  e lec t ro ly t e  loading 

4. e l ec t ro ly t e  concentration 

5 .  temperature 

6. pressure 

5.1.1 Matrix Thickness 

The e f f e c t  of matrix thickness w a s  studied i n  1" cells.  A t  

100°C, using High-Loading electrodes, 134 KOH, and varying numbers of 

sheets  of h e 1  Cell or ACCO Asbestos. 

Asbestos or 10-20 m i l s  f o r  Fuel Cell Asbestos, the  working voltage was 

( 0  1 I n  the  rarge 20-40 m i l s  f o r  ACCO 

e s sen t i a l ly  independent (within 20 mv) of matrix thickness for current  

dens i t i e s  up t o  300 ma/un2. (See Figures 5-1 and 5-2$ 

a,) 
b ) Johns-Manville Co. 

( c )  

Described i n  Reference ( 1)( Fi r s t  Quarter ly  Report ) 

I n  the present discussion thickness p r io r  t o  compression i n  the  c e l l  
I s  used for  carparative purposes. 

14 
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A t  greater matrix thicknesses and a t  higher current dens i t ies ,  c e l l  voltage 

falls markedly, and a chamcte r i s t i c  maximum s tab le  current density(') fo r  

each thickness and type of asbestos has been determined. 

is  indicated by the dashed l i nes  i n  Figures 5-1 and 5-2. These data  

show that 10-20 m i l  matrix thickness would be most sui table  f o r  maximum 

performance over a wide range of current densi t ies .  

This quantity 

A t  equal matrix thickness and equal t o t a l  e lec t ro ly te  loadings (b )  , 

t he  two matrix materials yielded camparable voltages fo r  thicknesses up t o  

20 m i l s  and current dens i t ies  up t o  200 ma/cm2. 

and current dens i t ies ,  ACCO Asbestos yielded increasingly higher voltages 

than Fuel Cell Asbestos. 

res is tance of c e l l s  containing the re la t ive ly  more porous ACCO Asbestos. 

With e i the r  matrix, the increase i n  c e l l  in te rna l  resistance(') w i t h  

increasing matrix thickness accounted for  roughly 75-90$ of the decrease 

i n  voltage i n  the  lower ranges of current density and matrix thickness, 

and only 2 5 - 4 6  i n  the upper ranges. 

e lec t ro ly te  diffusion l imitat ions w i t h  increasing matrix thickness and 

current density. 

A t  higher thicknesses 

This resulted pa r t ly  from the  lower in te rna l  

The latter data indicate increasing 

(a) Maximum current density i s  the approximate l imi t  a t  which s tab le  
operation i n  a short  term t e s t  (15 minutes) can be achieved. 

( b )  A t  equa3 thicknesses, 2 g solution/g dry ACCO Asbestos gives the  
stme t o t a l  e lec t ro ly te  loading as 1 g solution/g dry Fuel Cel l  
Asbestos, since the former is approximately half as dense as 
the  l a t t e r .  

( c )  C e l l  i n t e r n a l  resistance measured by a Keithley Model 502 milliohnrmeter. 

17 
~ ~~ ~ 
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A s  shown i n  Figure 5-3 cell i n t e rna l  res is tance was propor- 

t i ona l  t o  matrix thickness and extrapolated t o  zero resistance at 

zero thickness, indicating no other s ignif icant  cel l  losses.  Res i s t iv i t i e s  

were calculated from the  slopes of t h e  l i nes  i n  Figure 5-3. A s  shown below, 

tha t  f o r  ACCO Asbestos i s  lover than t h a t  f o r  Fuel C e l l  Asbestos, and both, 

as would be expected, are greater  than t h a t  f o r  the e lec t ro ly te  alone ( 3 )  . 

Resis t iv i ty  

ACCO Asbestos + 1 3  KOH at 1 0 0 ° C  

Fuel C e l l  Asbestos + 1 3  KOH a t  1 0 0 ° C  3 086 

1 3  KOH at 100°C 0.68 

5.1.2 C e l l  Assembly Pressure and Electrolyte Loadin& 

Previous work(2) showed the e f f ec t  of i n i t i a l  e lec t ro ly te  loading 

and c e l l  assembly pressure on electrolyte  d is t r ibu t ion ,  c e l l  i n t e r n s l  

res is tance and performance with Standard AB-1 electrodes and Fuel C e l l  

Asbestos matrix i n  2" x 2" ce l l s .  Similar data  were obtained t h i s  

quarter for  both Standard AB-1 electrodes and High-Loading electrodes, 

using ACCO Asbestos aad equivalent conditions of matrix thickness (20 m i l s ) ,  

temperature (70°C), pressure (atmospheric), and KOH concentration (71). 

For t he  Standard AB-1 electrode - ACCO Asbestos matrix system, 

Table 5-1 shows the  d is t r ibu t ion  of e lec t ro ly te  i n  the assembled c e l l  

among the  matrix, the electrodes, and the spacer screens for i n i t i a l  

e l ec t ro ly t e  loadings ranging frm 0.5-3 .O g/g. 

was v i r tua l ly  independent of c e l l  assembly pressure from 30-180 p s i  

over t h e  entire range of e lectrolyte  loadings. Comparison(a)with 

data reported for  the Standard AB-1 electrodes - Fuel C e l l  

This d i s t r ibu t ion  

Asbestos matrix system at 60-180 psi indicates the following similarities: 

la) See footnote (b) ,  preceding page 

~ _ _ _ _  ~ ~ 
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1. The amount of e lec t ro ly te  remaining i n  the matrix after 

assembly was nearly proportional t o  t h e  e lec t ro ly te  loading. 

2. A t  a given absolute amount of e lec t ro ly te  loaded, the 

percentage pressed aut of the matrix (12-33) was essent ia l ly  t h e  same 

for  t h e  two matrices. 

3.  The quantity of e lec t ro ly te  pressed in to  the electrodes 

increased re la t ive ly  l i t t l e  w i t h  loading, was roughly the  same f o r  each 

system, and amounted t o  about 14-28$ of the dry electrode weight (compared 

t o  a "saturation" l eve l  of about 40$) f o r  the  two matrix systems. 

The e f f ec t s  of e lec t ro ly te  loading and c e l l  assembly pressure 

on c e l l  i n t e r n a l  resistance a r e  shown i n  Figure 5-4. 

and High-Loading electrodes, c e l l  res is tance was very high at e lec t ro ly te  

loadings of 0.5 g/g, but dropped sharply t o  a minimum at about 1.5 g/g. 

C e l l  assembly pressure i n  the 60-180 psl  range had very l i t t l e  effect  on 

in t e rna l  resistance. The high c e l l  res is tances  obtained at l a w  

electrolyte  loadings may indicate t h a t  under these conditions the 

electrolyte  cannot d i s t r ibu te  evenly throughout the matrix so tha t  

some areas are left  dry. 

the optimum conditions fo r  l a w  c e l l  i n t e rna l  resistance are at e lec t ro ly te  

loadings of 1.5-3.0 g/g and c e l l  assembly pressures i n  the  range 60-180 psi 

Similar optinnun conditions with respect t o  absolute mount of e lec t ro ly te  

and c e l l  assembly pressure were previously fmnd f o r  t he  system 

consisting of Standard AB-1 electrodes and Fuel C e l l  Asbestos Matrix. 

With both AB-1 

For both Standard and High-Loading electrodes,  
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Figures 5-5 and 5-6 show the e f f ec t  of e lec t ro ly te  loading 

on perfonnance w i t h  ACCO Asbestos matrix. 

were obtained a t  70°C, using 7" KOH. 

electrodes aBd Figure 5-6 data f o r  High-Loading electrodes. 

a l so  shows the e f f ec t  of cel l  assembly pressure i n  the range 60-180 psi. 

In t h i s  case, the data 

Figure 5-5 shows data f o r  Standard AB-1 

Figure 5-5 

With e i the r  type of electrode, no current could be drawn at  

loadings of 1.0 g/g, probably because th is  amount of e lec t ro ly te  w a s  

insuff ic ient  t o  permit good e lec t ro ly t i c  contact between matrix and 

electrodes,  

were obtained. The c e l l  assembly conditions fo r  optimum perfonnance are 

2-3 grams KOH solution per gram dry matrix and an assembly pressure of 

120-180 psi ,  i .e. ,  roughly the  same as already noted f o r  minimum c e l l  

resistance.  As reported previously(: khese same conditions ( i n  terms of 

absolute e lectrolyte  loading) give optimum performance w i t h  the  Standard 

AB-1 electrodes - Fuel C e l l  Asbestos matrix system. 

t h i s  type were obtained for  the High-Loading electrode - Fuel C e l l  Asbestos 

matrix system, it seems reasonable t o  assume t h a t  equivalent conditions 

a re  optimum for that system also. 

A t  higher loadings, stable current densities of 100-400 ma/cm2 

While no data of 

5.1.3 Electrolyte Concentration 

Figure 5-7 shows the e f fec t  of KOH concentration on the 

in te rna l  resistance i n  one-inch diameter cells for t he  four 

electrode matrix systems at  1 0 0 O C ;  s imilar  data at  70°C was reported 

previously(2). 

Fuel C e l l  Asbestos and ACCO Asbestos, respectively) and c e l l  assembly pressure 

The optimum e lec t ro ly te  loading (1.0 and 2.0 g/g for  
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120-180 psi)  were used. 

is  l i t t l e  affected by electrode type. 

than Fuel C e l l  Asbestos, i n  canbination w i t h  e i the r  electrode, over 

the e n t i r e  range of KOH concentration (1-13). 

sharply w i t h  increase i n  concentration i n  the range 1-3 and was l i t t l e  

affected i n  the range 3-13. The resistance - concentration curves 

have t h e  same general shape as the  equivalent curve f o r  free e lec t ro ly te .  

The latter was calculated f r m  published conductivity d a t a  f o r  aqueous 

KOH at 100°C(3), using an area equal t o  the act ive area of the c e l l  and 

thickness equal t o  that of the  unccmrpressed matrix. 

The matrix was 20 m i l s  thick.  C e l l  resistance 

ACCO Asbestos gave lower resis tance 

Resistance decreased 

The dependence of c e l l  performance on KOH concentration a t  

100°C and atmoshperic pressure is sham i n  Figures 5-8 through 5-11 

f o r  the  four electrode-matrix systems. 

reported previously (2! A t  each concentration, the highest current 

densi ty  sham i s  the  maximum current density which could be sustained 

i n  a short  term test. At  the  highest current densi t ies ,  there  is 

considerable sca t te r  i n  the data, leading t o  considerable uncertainty 

i n  the  curves shown. 

electrodes and ACCO Asbestos were investigated by loading 1% KOH i n t o  

the  matrix and then concentrating i n  the c e l l  with gas flows i n  excess 

of those required t o  maintain 1% KOH. 

Similar data at 70°C were 

Concentration e f f ec t s  at l3-lm with High-Loading 

27 
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The following conclusions may be drawn: 

(1) I n  the concentration range 5-13, c e l l  performance i n  a l l  

four systems increased w i t h  increasing concentration at  a l l  current d e n s i t i e s  

except fo r  current dens i t ies  a t  or very close t o  the maximum. 

upon the system and current dens i ty ,  the  voltage increases ranged frQn 

20-90 mil l ivo l t s .  

i n  c e l l  resistance since at  5 - 1 3 ,  c e l l  res is tance w a s  e i t h e r  constant 

or even increased s l igh t ly  (Figure 5-71. 

voltage increase r e f l ec t s  the  theoret ical  rise i n  reversible  emf (20 mi l l i vo l t s  ) 

Over t h i s  concentration range. It appears then t h a t  increased KOH concentration 

may lead t o  improved performance by decreasing ac t iva t ion  or gas diffusion 

polarization. 

(2) 

Depending 

These voltage increases were not caused by decreases 

Furthermore, only a par t  of t he  

C e l l  performance decreased sharply a t  concentrations below 

3-5H depending upon the matrix. I n  t h i s  concentration range, current 

dens i t ies  of anly 100-200 ma/cm2 were at ta ined.  

due pa r t ly  t o  low elecsrolyte  conductivity resu l t ing  i n  higher c e l l  i n t e rna l  

res is tance (Figure 5-7). This i s  not the case at  KOH. The l o w  maximum 

current density at 3 with  ACCQ Asbestos may be due t o  diffusion l imi ta t ions  

caused by low p a r t i a l  presssures of reactant gases (100 III Hg). 

the  reactant gas p a r t i a l  pressure is 560 mm H g  and current dens i t ies  up t o  

1400 ma/un2 could be at ta ined.  

of t o t a l  pressure, described i n  Section 5.1.4.) 

A t  UI, t h i s  decrease w a s  

A t  7OoC, 

(This view is  fur ther  supported by the e f f ec t  

( 3 )  A t  13-17fl (Figure 5-11) voltages were l i t t l e  affected by 

A t  higher current concentration at current densi t ies  up t o  400 ma/cm2. 

dens i t ies ,  voltages decreased w i t h  increasing concentration probably 

because at these concentrations (1”l = 61s KOH , which approaches the 

so lub i l i t y  l i m i t  of KOH a.t 100°C, 65$) ,  the  conductivity of KOH solutions 

decreases sharply. 



Raising the  temperature, thereby increasing the electrolyte  conductivity, 

allowed maintenance or improvement of c e l l  performance a t  higher 

KOH concentrations. 

is  discussed i n  more de ta i l  i n  section 5.1.6. 

5.1.4 Pressure 

Performance at very high concentrations and temperatures 

With ACCO Asbestos as the matrix, the maximMl current density 

at 1 a h . ,  100°C, and 

a t  each electrode t o  1.5 and 2 a t m .  increased the maximum current density 

t o  600 and 1200 ma/cm2, respectively,and substantially increased the 

voltage at stable current densit ies (Table 5-2). 

1 atm., the r a t e  of diffnsion of the reactants is limiting; the relat ively 

low reactant pa r t i a l  pressure (100 mm Hg) caused by the high water vapor 

pressure, may lead t o  high gas concentration polarization. This view i s  

supported by the magnitude of the voltage increase with increased pressure 

at  stable current densit ies,  60-130 mv, which is  considerably higher than 

the  theoretical  20 mv increase i n  the reversible e m f  for an increase i n  

pressure fram 1 t o  2 atmoapheres. 

5 '1.5 Temperature 

KOH was 200 -/an2. Increasing the t o t a l  pressure 

This suggests t h a t  a t  

The effect  of temperature i n  the  range 50-lOo"C on c e l l  internal  

resistance i s  shown i n  Figure 5-12 for  High-Loading electrodes and ACCO 

Asbestos at 

resistance decreased more rapidly w i t h  temperature increase. 

and 13, t h e  resistance-temperature curves parallel the  equivalent curves 

for free electrolyte,  indicating tha t  the observed decrease i n  c e l l  

resistance w i t h  increasing temperature w a s  caused solely by the  increase 

in  conductivity of the electrolyte.  

and 13 KOH. It may be noted tha t  at the higher concentration, 

A t  both '3 
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TABLE 5-2 

Effect of Pressure on C e l l  Performance 

X1gh-Loadir-g Electrcdes - ACCO Asbestos Matrix (20 Mil ) - 100OC - 3lV KOH 

One-Inch Cell 

Working Voltage 
At Current Density (=/an2) of Absolute 

Pressure 
1200 - 800 - 600 - 3O0 - 4oo - 500 - 200 - .o* - 100 

1.0 .86 -76 * * * * * * 
1.5 87 -83 -78 *74 67 58 * * 
2 .o 92 89 -86 83 .81 -78 -73 .61 

Wurrent Did Bot  Hold 
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Figures 5-13 and 5-14 show t h e  dependence of c e l l  performance 

The on temperature f o r  t h i s  electrode-matrix system a t  5H and 1 3  KOH. 

curves for  the two e l ec t ro ly t e  concentrations a r e  qui te  similar, t h e  

higher concentration indicating, i n  general, somewhak better performance. 

A t  high current dens i t ies ,  the  dependence of performance on temperature 

is la rge  at temperatures up t o  70-8O"C. 

tends t o  l e v e l  aut or increase slowly. 

increasing temperature from 50-80"c may r e s u l t  from a decrease i n  e l ec t ro ly t e  

concentration polarization. 

emf or i n t e rna l  res is tance e f f ec t s .  Reversible emf is  an inverse function 

of temperature, as ref lected by the slight decrease i n  open c i r c u i t  voltage 

w i t h  increasing temperature (Figures 5-13 and 5-14). 

res i s tance  accounted fo r  only 5-25s of the voltage increase a t  both KOH 

concentrations and all current densi t ies .  

po ler iza t ion  w a s  severe enough t o  l i m i t  the maximum current  densi ty  t o  

600 =/em2, compared t o  1000-1400 ma/cm2 at  70-100°C. 

As with the  High-Loading electrode - ACCO Asbestos matrix 

Above t h i s  temperature, performance 

The increase i n  performance w i t h  

It cannot be a t t r i bu ted  t o  e i t h e r  revers ib le  

Decreased in t e rna l  

A t  50°C, e l ec t ro ly t e  concentration 

system, the  performance of t he  other th ree  systems generally increased 

and the  c e l l  i n t e rna l  res is tance generally decreased w i t h  increasing 

temperature (70-100°C). 

Again the  temperature e f f e c t  was more pronounced at the higher e l e c t r o l y t e  

concent rat ion. 

This is  shown i n  Table 5-3 a t  5Ii and 1 3  KOH. 

Performance of High-Loading electrodes a t  temperatures above 

100.C i s  discussed i n  Section 5.1.6. 
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5.1.6 High Temperature and Electrolyte Concentrations 

As discussed i n  Sections 5.1.3 and 5.1.5, performance generally 

improves w i t h  increasing temperature and e l ec t ro ly t e  concentration. 

However, a t  a given temperature, performance appears t o  be l imited by 

increasing ohmic polar izat ion a s  concentration i s  increased, while a t  a 

given concentration, gas d i f fus ion  l imi ta t ions  became evident as  the 

temperature is  increased. Therefore, some exploratory studies were 

made i n  which both tempera.ture and concentration were raised t o  very nigh 

l eve l s .  

High-Loading electrodes and ACCO Asbestos were used i n  these 

t e s t s .  

e s sen t i a l ly  independent of concentration at current d e n s i t i e s  up t o  300 

ma/cm*. 

than at  l 3 N .  

KOH concentration from l5-19IV over the e n t i r e  range of current dens i t i e s .  

I n  t h e  range 100-400 ma/cm2, performance a t  140°C w i t h  1 9  KOH w a s  the  

highest so far Dbserved f o r  atmospheric operation. This high performance 

probably r e s u l t s  i n  part frm the rapid increase i n  the  revers ib le  emf 

The data a r e  summarized i n  Table 5-4. A t  12OoC, voltages were 

A t  higher current densi t ies ,  performance with 18lV KOH was poorer 

A t  140°C, performance generally increased with increasing 

as KOH concentration is increased above 1%. ( 4 )  

5.1.7 Electrode and Matrix Type 

The performance data discussed above show that High-Loading 

electrodes (40  mg Pt/cm2) give higher i n i t i a l  performance a t  a l l  current  

dens i t i e s  than do standard AB-1 electrodes ( 9  mg Pt/cm2), w i t h  e i t h e r  ACCO 

Asbestos or  Fuel Cel l  Asbestos, and a t  a l l  combinations of matrix thickness, 

c e l l  assembly pressure, e lec t ro ly te  loading, e l ec t ro ly t e  concentration 

and temperatures which were studied. The rmge  of current dens i t i e s  over 

which the var ia t ion  of voltage w i t h  KOH concentration is r e l a t i v e l y  small 

i s  considerably greater  for High-Loading electrodes (up t o  1200 ma/,,.) than 

for  Standard AB-1 electrodes (up t o  300 ma/cm2). Thus,High-Loading electrodes 
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should be able t o  operate a t  higher current densities wi th  less d i f f i c u l t y  

from voltage changes caused by KOH concentration f luctuat ions during 

sustained ope rat ion.  

The ACCO Asbestos matrix generally gives higher i n i t i a l  performance 

than does an equal thickness of Fuel C e l l  Asbestos, with e i t h e r  Standard AB-1 

or High-Loading electrodes,  at nearly a l l  ccmbinations of t he  operating 

variables mentioned above. 

On the  basis of init ial  performance, tine High-Loading electrodes - 
ACCO Asbestos matrix system appears t o  be the  best of t he  four. 

is in progress t o  determine the camparative long-term s t a b i l i t y  of these 

systems. 

5.1.8 Carbonate Concentration 

Life- tes t ing 

Scone addi t ional  data have been obtained on the  e f f e c t  of carbonate 

concentration on i n i t i a l  c e l l  performance. These data, together with 

data previously reported, are summarized i n  Table 5-5. It appears that  

i n  the range 0-200 ma/cm2, performance is governed largely by the  t o t a l  

KOH concentration, and fo r  KOH concentrations above 154, is l i t t l e  affected 

by the  presence of addi t ional  K$O3 up t o  15s. 

for an operating c e l l  i n  which the i n i t i a l  e l ec t ro ly t e  concentration was 

3 6  KOH (m), approximately half  of the KOH could be converted t o  

carbonate without a loss i n  performance of more than 40 or 50 mv at 

100 t o  200 ma/cm2. On the other hand, conversion of more than half 

of the KOH t o  carbonate might well cause a major loss i n  performance 

simply because t h e  KOH concentration would then be too low. 

The data indicate  that  

Analyses for  carbonate were made on the  matrices from two l i f e  

tests run during t h i s  period. 

and used high gas f l a w  ra tes .  

5-10$ of the KOH or ig ina l ly  present had been converted t o  carbonate. 

Both tests, 2-29 and 2-32, were run a t  400 ma/cm2, 

These analyses indicated t h a t  approximately 
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Effect of Carbonate Concentration on C e l l  Performa,nce 

Electrodes: 
Matrix: 20 M i l  Fuel C e l l  Asbestos 
!kmperature : 70.C 
Pressure : 1 A b .  
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15 
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- 90 .84 77 

- 89 .845 .775 

- 91 .86 *765 

- *915 9875 .81 

91 - 0865 .80 

- 0915 875 .81 

925 - .875 -79 



This l e v e l  of carbonate would not account f o r  t h e  rapid decl ine i n  perform- 

ance observed i n  these tests. Carbonate analyses on tests which have run 

f o r  longer periods of time are  i n  progress. 

5.2 Life-Testing 

L i f e  tests conducted d w i n g t h e  th i rd  quarter ly  report  period 

are summarized i n  Table 5-6. During t h i s  period, increased emphasis 

w a s  placed on t h e  evaluation of High-Loading electrodes,  and on t e s t i n g  

~t higher tcrprat-ires (IGO"C) snc~ higher current  densities (up to l i . ~  ma/cm2). 

Tests i n  which i n e r t  materials such as pla,tlmna and Teflon were subst i tuted 

for nickel  c e l l  parts were run t o  determine whether corrosion of t he  lat ter 

might be a fac tor  contributing t o  the  slow decl ine i n  performance generally 

observed i n  the l i f e - t e s t i n g  program. 

5.2.1 Used Electrodes 
\I) 

It has been previously reported t h a t  Standard AB-1 electrodes,  

when washed and reassembled i n  8 new c e l l  following l i f e - t e s t i n g  st 

7OoC, give polar izat ion data equivalent t o  t h a t  for f resh  electrodes.  

To determine whether there  may have been any change i n  t he  s t a b i l i t y  of 

operation, a pair of electrodes tha t  had been l i fe  tested for  lo00 hours 

(2-27) w a s  washed and ins ta l led  i n  a new c e l l  for f i r t h e r  t e s t i n g  (2-36). 

The electrode t h a t  was previously used as the H2 electrode was retained 

as t h e  hydrogen electrode. As shown i n  Table (5-7)? t he  two tests appear 

qui te  s imi l s r  except for  the voltage decline after 750 hours total elapsed 

time. It i s  suspected that the high decline r a t e  at t h e  end of the  second 

tes t  may have been due to a poor water balance. 

5.2.2 High-Loading Electrodes 

Several t e s t s  were run wi th  High-Loading (40 mg Pt/cm2) 

electrodes,  using d r y  feed gases a.t 70°C. Test 2-43, which w a s  termin- 

ated after 1032 hours, showed the high i n i t i a l  performance typ ica l  of 
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TABI;E 5-7 

L i f e  Test of Used Electrodes 

Test 2-27 Test 2-36 
JRew Electrodes ) (Wed Electrodes ) 

Staxting 0.800 v (1) 0.660 v ( ~ )  

Maxirmrm Voltage 0.844 v 0.833 v 

Average Voltage Decline: 

100-750 hrs. 5 mv/loO hr. 5 mv/lOO hr. 
750-1000 hrs. 9 mv/loO hr. 23 mv/lOO hr. 

Minimum Cell  Resistance 10.8 milliohms 15.0 mill iohm 

Average Resistance 

Rise During Test :  1 milliohm/lQO h r  . 0.7 milliohm/lOO h r  . 

(1) Law i n i t i a l  voltage due t o  high initial electrolyte  loading 
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High-Loading electrodes. 

and an upward trend i n  c e l l  i n t e rna l  res is tance (1.8 milliohms/100 h r s . )  

A downward t rend i n  voltage (10 mv/lOO hrs . )  

similar t o  those previously observed i n  tests with Standard electrodes 

wexealso noted. I n  l i f e  t es t  2-57, High-Loading electrodes are being 

used w i t h  an ACCO Asbestos matrix, and i n  l i f e  t es t  2-54, High-Loading 

electrodes having expanded metal ra ther  than woven-wire nickel  support 

screens are being tes ted .  Over the f irst  several  hundred hours of these 

l a t t e r  tests, performance trends a re  similar t o  those i n  l i f e  t e s t  2-43, 

although i n  the t e s t  with the expanded nickel support screens, voltage 

appears t o  be dropping somewhat more rapidly.  

I n  other tests, High-Loading electrodes were evaluated 

a t  lOO"C,  and a t  high current dens i t ies  (400 rna/cm2). These t e s t s  w i l l  

L e  described i n  l a te r  sections of t h i s  report .  

5.2.3 Matrix Variations 

Throughout most of t he  l i f e - t e s t ing  program, Johns- 

Manville Fuel Cell Asbestos has been used as a standard m t r i x  material. 

However, ACCO Asbestos(') appears t o  of fe r  a possible advantage i n  

terms of higher performance, par t icu lar ly  a t  high current dens i t ies .  

This matrix has, therefore, been used i n  several  l i f e  tests t o  determine 

i t s  s t ab i l i t y  over long periods of time. Earlier i n  the  program('), 

r e l a t ive ly  stable 'performance w i t h  ACCO Asbestos a t  70°C was indica.ted 

i n  l i f e  test 2-3 (6582-18). 

Asbestos has been used at  70°C w i t h  High-Loading electrodes i n  tests run 

a t  both 100 and 400 ma/cm2. 

I n  the current series of t e s t s ,  ACCO 

L i f e  test 2-57, a t  100 ma/cm2, has run w e l l  f o r  186 hours 
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Life tes t  2-40 has run f o r  1105 hours a t  400 ma/cm2, and is  continuing, 

although a.t a rela. t ively low performance l eve l  (ca.  0.50 v).  

tests indicate tha t  ACCO Asbestos probably has adequate s t a b i l i t y  at  70°C. 

Several tests w i t h  ACCO Asbestos a t  100°C have been run (these tests are 

described i n  the following section),  but s t a b i l i t y  a t  1 0 0 ° C  has not yet 

These 

been demonstrated. 

5.2.4 Tests at 1 0 0 ° C  
L_- 

Four tests have been run a t  100°C,  using Standard AB-1 and 

High-Loading electrodes, Puel C e l l  Asbestos aad ACCO Asbestos. 

tests, the i n l e t  gases were saturated w i t h  water at  70°C. 

w i t h  AB-1 electrodes and Fuel C e l l  Asbestos, operated very s t a b l y  f o r  

1032 hours. 

and resis tance rise (0.7 milliohms/100 hrs.) were qui te  l ow.  

I n  a l l  

Life  tes t  2-33, 

A s  shown i n  Figure 5-15, voltage decline (about 3 mv/lOO hrs. ) 

Good control 

of water balance is indicated in t h i s  test by the  general smoothness of 

t h e  voltage and resistance curves. 

'Phe three other tests at lW0C i n  t h i s  series all exhibited 

a sharp decline i n  voltage and rapid rise i n  resis tance and were terminated 

af'ter only a f e w  hundred hours. 

(2-45 and 2-51); the other (2-59) used Fuel C e l l  Asbestos. 

"pwo of these tests used ACCO Asbestos 

The poor 

performance i n  these tests may quite l i ke ly  be a t t r ibu ted  t o  fac tors  

other than i n s t a b i l i t y  of the matr ix .  The electrodes f ran  l i f e  test 2-45 

were washed and reevaluated. There was no loss i n  performance as campared t o  

fresh electrodes. Thus, i f  there  has been any degradation of the ACCO Asbestos 

at  100°C, it has not caused any permanent deactivation of the electrodes. 
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Testing a t  100°C will continue i n  order tha t  more d e f i n i t e  conclusions with 

respect t o  electrode and matrix s tab i l i ty  may be drawn. 

5.2.5 High Current Densities 

I n  order t o  determine which electrode - matrix system and 

cambination of operating conditions would be most s a t i s f ac to ry  for operation 

at r e l a t ive ly  high current dens i t ies ,  a series of l i fe  tests at 400 ma/cm2 

w a s  run. The t e s t s  were made at 7OoC and 0 psig, using '5X KOH. Two tests 

were run w i t h  Standard AB-1 electrodes and h e 1  C e l l  Asbestos, using d r y  

gases i n  one case (2-29) and saturated gases i n  the  other (2-32). 

other tests were run w i t h  High-Loading electrodes and ACCO Asbestos (2-34 and 

2-40). 

voltage, aa w e l l  as wide fluctuations within the  overa l l  trend. 

though, there w a s  no apparent upward trend i n  c e l l  resistance cmparable t o  

t h a t  observed i n  tests at 100 ma/cm2. 

and ACCO Asbestos started at a higher l e v e l  and dropped somewhat less 

rapidly than did the  tests with Standard AB-1 electrodes and Fuel C e l l  

Asbestos. One test (2-40) w a s  continued for over 1,OOO hours. 

f luctuat ions were observed indicating great d i f f i c u l t y  i n  control l ing the  

water balance at  t h i s  high current density. 

Two 

I n  all these tests, there was a re l a t ive ly  rapid downward trend i n  

In te res t ing ly ,  

The tests with High-Loading electrodes 

Wide 

Two other tests (2-56 and 2-60) have been run at  an intermediate 

current density (200 ma/cm2). 

platinum electrode-support and spacer screens i n  place of nickel 

(see sect ion 5.2.8). 

was terminated after 143 huurs. The second tes t  (2-60) has been running 

for  only 64 hours, but has run s t ab ly  during tha t  period. 

!f!hese tests were run i n  c e l l s  having 

I n  one case, performance was poor and the  tes t  



5.2.6 Effect of Gas Reversds  

Life t e s t  2-24 continues t o  run w e l l  after 3374 hours of operation 

In t h i s  test ,  the gases have been reversed (hydrogen on at 100 ma/cm2. 

the oxygen side and vice-versa) four times. Slow downward trends i n  

voltage and upward trends i n  c e l l  res is tance between gas reverscL3-s have 

been arrested by the reversals.  Except fo r  brief periods when the  c e l l  

w a s  out of water balance, voltage has been maintained between .835 and 

.81 vol t s  and c e l l  resistance between ,009 and .012 ohms for 2700 hours 

since the  first gas reversal .  

5.2.7 Variations i n  Waterproofing Level 

The standard l eve l  of waterproofing f o r  t he  electrodes used 

i n  t h i s  program has been 25s Teflon. Sane work reported previously(2) 

indicated tha t  electrodes w i t h  lower Teflon levels  performed somewhat 

e r r a t i c a l l y  in  short  term polarization tests. During t he  current report period, 

electrodes containing both lower (14s) and higher ( S O $ )  Teflon leve ls  w e r e  l i fe -  

tes ted.  I n  l i fe  test 2-38, High-Loading electrodes conta.ining 14$ Teflon r a n  

poorly f o r  about 160 hours u n t i l  the gases were reversed. Following gas 

reversal ,  the l e v e l  of performance improved, but the usual trends i n  

voltage and c e l l  resistance were observed. 

having standard platinum loading (10 mg/cm2) but w i t h  50$ Teflon were tes ted .  

I n  t h i s  t e s t ,  the’ I n i t i a l  voltage w a s  somewhat low (0.82 v). 

I n  l i f e  test 2-42, electrodes 

After about 

100 hours of operakion, voltage began t o  decline and resis tance t o  rise a,t 

a n  accelerated rate, These trends could not be al tered by variat ions i n  gas 

flow rate. The gases were reversed a t  330 hours, and follawfng t h i s  reversal ,  both 



voltage and c e l l  res is tance returned abrupt ly  (within several  hours) t o  

normal values. The c e l l  then ran s tab ly  f o r  approximately 250 hours before 

s t a r t i n g  another period of accelerated decline, leading t o  termination of 

the t e s t  a f t e r  835 hours. The accelerated trends i n  t h i s  latter test  may 

have been due t o  "over-waterproofing" i n  the  electrode.  I n  view of these 

r e su l t s ,  it does not appear desirable t o  change the  waterproofing l e v e l  from 

the standard 25$. 

5.2.8. Platinum and Teflon Screens 

I n  view of the beneficial  e f f e c t  on both voltage and r e s i s t -  

ance following gas reversals,  it was f e l t  t h a t  the  observed downward 

t rends i n  performance might be due at least i n  p a r t  t o  corrosion of t he  

nickel  screens used as electrode support and as spacers i n  the tes t  c e l l s .  

To check t h i s  hypothesis, a l i f e  t e s t  (2-39) w a s  s e t  up with no n icke l  

exposed t o  the gases o r  t o  the electrolyte .  

of 10 mg Pt/cm2 on platinum screen. 

The electrodes consisted 

Spacer screens were platinum and 

the  inside surfaces of the  nickel face  p l a t e  were l ined  with platinum 

f o i l .  As shown i n  Figure 5-16,this c e l l  ran  fo r  800 hours a t  100 ma/cm2 

with no loss  i n  voltage, and no increase i n  c e l l  i n t e r n a l  res is tance.  

After 800 hours, performance declined r a the r  rapidly.  

the c e l l  a f t e r  shutdown, so l id  deposits of KOH,which in te r fe red  with 

e l e c t r i c a l  contact within the c e l l  and a l so  permitted cross-flow of gases,  

On disassembling 

were observed. 

been d i r e c t l y  associated with the electrodes.  

Thus,the decline i n  performance does not appear t o  have 

The performance obtained i n  l i f e  t e s t  2-39 s t rongly sug- 

ges t s  t h a t  corrosion of nickel  ce l l  p a r t s  i s  a f ac to r  contributing t o  

the downward performance t rends generally observed i n  our l i f e - t e s t i n g  

program. To determine whether the d i f f i c u l t y  l ies  i n  the electrode 
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support screen or i n  other parts of the current co l lec tor  c i r c u i t  

(spacer screens, e tc . ) ,  a l i f e  test (2-46) has been set up w i t h  10 mg 

F+t/cm2 on platinum screen electrodes, but otherwise standard nickel  pe.rts. 

This c e l l  has been running fo r  738 hours, and has shown only a very s l i g h t  

downward trend i n  voltage (< 2 mv/lOO hrs.  after t h e  first 24 hours) and 

very l i t t l e  i f  any upward trend i n  c e l l  resistance( < .2 ailliohms/lOO hrs.). 

It appears, therefore,  t h a t  t he  major problem l i e s  i n  the  electrode support 

screen. 

Examination of the  nickel screens at the  end of a l i f e  tes t  

generally shows tha t  those at the  owgen s ide are tarnished, whereas 

those at  the hydrogen s i d e  are s t i l l  br ight .  This suggests t h a t  formation 

of oxide films may e f f ec t  cel l  resistance and therefore  also the  voltage 

output. Further l i f e  tests using platinum screens only on the  oxygen 

side of the c e l l  are planned. 

The use of woven %flon screen t o  replace nickel  screen as 

an electrode support has been considered. 

screen is not e l e c t r i c a l l y  conductive, good performance can be achieved 

using a close-meshed current collector screen. Figure 5-17 shows 

polar izat ion data f o r  a platinum-on-Teflon screen electrode compared 

with a Standard AB-1 electrode. Performance is  good, although sanewhat 

lower than the standard. 

screen electrodes has been started. 

running s tably at  .83-.84 vol t  and .oOg-.OlO ohms ce l l  resistance.  

Although the  Teflon support 

A l i f e  t e s t  (2-53) u t i l i z i n g  platinum-on-Teflon 

For 234 hours, t h i s  test has been 
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5.2.9 Cel l  Design for Life-Testing Under Pressure 

A cel l  has been designed and constructed f o r  operakion a t  

pressures up t o  60 psig, and with d i f f e r e n t i a l  pressures between H2 and 

O2 of at least 5 psig. Figure 5-18 shows the bas ic  design fea tures .  

active area, as with t h e  standard c e l l ,  is 2" x 2". 

the ac t ive  area (not  shuwn i n  t h e  f igure)  is also the  same as i n  the 

standard c e l l .  Sealing against  cross-leakage of gas i s  accomplished 

by campression of the  matrix between the lands i n  t h e  grooved area 

surrounding the  ac t ive  a rea  of the c e l l .  The grooves permit e l ec t ro ly t e  

t o  be squeezed out during c e l l  assembly, thus preventing hydraulic 

rupture of the matrix. 

prevented by as O-ring seal. 

The 

Gas d i s t r i b u t i o n  within 

Leakage of gas or  e l ee t ro ly t e  aut of the c e l l  is 

Preliminary t e s t s  indicate t h e  bas ic  design t o  be sa t i s fac tory ,  

and a l i f e  t e s t  under pressure i s  planned. 
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6 .  SCALE-UP 

6.1 Choice of Operating Conditions 

For scale-up work it is  desirable  t o  s e l e c t  an electrode-matrix 

system, c e l l  assembly conditions, and opera.ting conditions which w i l l  

lead t o  minimum weight/net paver of an e n t i r e  ba t t e ry  system, including 

ba t te ry ,  a l l  auxi l ia ry  e q u i p e n t  f o r  heat and water removal and power 

control ,  and fue l  plus associated t a r i g e .  m e r e  the weight of h e 1  

plus associated tankage is  an overriding f ac to r  i n  system weight (long 

missions), maximum voltage output a t  reasonable current densi ty  i s  des i red .  

Where fuel and associated tankage weight i s  not an overriding fac tor ,  

calculat ions reported 

is desirable (even though c e l l  performance i s  s l i g h t l y  lower) because 

of lower weight and power consumption of e q u i p e n t  f o r  removing ba t t e ry  

heat and water. 

showed t h a t  maximum battery humidity 

With these two cases i n  mind, Table 6-1 summarizes the  combination 

of electrode-matrix system, c e l l  assembly, and operating conditions which 

the  performance data described i n  Section 5 of t h i s  and the Second Quarterly 

Report indicate  t o  be at or  near t h e  optimum. 

considered was 100OC. 

work t o  define it i s  s t i l l  i n  progress, but  preliminary data show t h a t  

t h e  bes t  operating pressure w i l l  be grea te r  than atmospheric. Two 

e l ec t ro ly t e  concentrations, 5H and 13, a r e  shown. The higher concentration 

corresponds t o  m a x i m  performance and low bat te ry  humidity, hence 

minimum weight/net power of a bat tery and f i e 1  plus associated tankage. 

The lower concentration corresponds t o  performance somewhat below the  

maximum but t o  maximum battery humidity, hence t o  minimum weight/net 

power of e q u i p e n t  f o r  removing battery heat and water. 

conditions l i s t e d  i n  Table 6-1 w i l l  be used f o r  scale-up work at 100-500 ma/cm2. 

The maximum temperature 

The opthum gas pressure is not s ta ted  here, s ince 

The system and 
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The data of Section 5.1.7 show t h a t  s t i l l  higher i n i t i a l  

performance may be obtained at temperatures above 100°C, par t icu lar ly  a t  

KOH concentrations above the so lubi l i ty  l i m i t  a t  100°C. 

t o  investigate fur ther  operation at 100-200°C 

operating conditions. It i s  an t ic ip . ted  tha.t work i n  th i s  temperature 

range will introduce new materials problems, par t icu lar ly  with respect 

t o  matrix s t ab i l i t y .  

Work i s  i n  progress 

and t o  define optimum 



6.2 Design D f  6" x 6" Cel l  

A fuel  c e l l  w a s  designed and cmst ruc ted  for evaluating the 

performance of scaled-up e l ec tmdes  (6" square) a t  pressures above a t -  

mspheric .  The nickel face p l a t e s  were designed t o  provide uniform 

gas d is t r ibu t ion  over the e lec tmdes  by lnanifolding froa a 1/4 i n .  

diameter header through evenly spaced 1/8 i n .  diameter channels, and 

then throuqh 1/32 i n .  d iaae te r  o r i f i c e s  spaced a t  1 i n .  i n t e rva l s  along 

the  length of each channel (Flgure 6-1). G a s  discharge w i l l  be through 

an i d e n t i c a l  manifold whose channels run p a r a l l e l  t o  and a l t e rna te  w i t h  

t h e  channels o f  the  i n l e t  manifold. The ncrminal path of  gas flowing 

through each inlet o r i f i c e  over the electrodes i s  1 i n .  

perimental work w i t h  1 i n .  diameter and 2 i n .  square electrodes indicated 

tha t  t h i s  path length i s  su f f i c i en t  t o  sa tura te  each gas w i t h  water vapor 

without cawing e l ec t ro ly t e  concentration gradients large enough t o  

a f f e c t  c e l l  voltage adversely. 

Previous ex- 

G a s  d i s t r ibu t ions  were lneasured experimentally i n  a p l a s t i c  

mdel of  the face p l a t e s  of  the scaled-up cell over the e n t i r e  expected 

range of  t o t a l  hydmgen and oxygen flow rates (70-8000 cc/min.). The 

f l 3 w  r a t e  of b3th hydmgen and oxygen amng the manifold channels w a s  

found t o  vary by a maxiaum of  15% a t  1000-8000 cc/;nin. t o t a l  flow, and 

by a lnaximum o f  20$ at 70-400 cc/rllin. The flow rates of both hydrogen 

and oxygen awng the rows of o r i f i c e s  varied by a mximrn of 15% a t  

average flows of 487-1130 cc/min. i n  the channels. 

i n  the  channels (15-167 cc/inin.), the var ia t ion  amng the  r o w s  of o r i f i c e s  

was as high as 25-30s. These experimental data indica te  tha t  gas d i s t r i -  

bution i n  the 6" x 6" c e l l  w i l l  be su f f i c i en t ly  uniform. 

A t  very low flows 
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6 . 3  Mathemtical Simulation of  Fuel C e l l  Operation 

As described i n  Section 5, the performance o f  a given c e l l  

assembly operated at  a given t o t a l  pressure 

concentration, e l ec t ro ly t e  loading, and the temperature. It i s  expected 

t h a t  during steady s t a t e  batteryoperation, gradients i n  these th ree  

var iables  will e x i s t  over the face of  the electrodes and through t h e  

thickness of the electrode-membrane sandwich. Consequently, for optimum 

performance of the f u e l  c e l l  system, the ba t te ry  should be designed and 

operated t o  l i m i t  these gradients within the boundaries defined by the 

data of  Section 5. 

depends on the e l ec t ro ly t e  

The e f f e c t  of ba t te ry  design and system operation on the mag- 

nitude of  these gradients  a t  steady s t a t e  i n  a ba t te ry  c e l l  was simulated 

by a matheaatical model. 

were set  up and solved f o r  a system of dynarclic water and heat removal 

f m m  the battery w i t h  no auxi l ia ry  cooling. Similar calculat ions a re  

i n  progress for a dynamic system w i t h  auxi l ia ry  cooling. 

is described below. 

General d i f f e r e n t i a l  mass and energy balances 

The s i m l a t i o n  

t 



P 

6.3.1. Developnent of the b d e l  

6.3.1.1. Physical P ic ture  and Assumptions 

The ac tua l  c e l l  design h a s  not been chosen a t  t h i s  point  so it w i l l  

be necessary t o  u t i l i z e  a sui table  general  model which can be e a s i l y  adapted 

t o  d i f fe ren t  designs. The c e l l  configuration, f low scheme, and coordinate 

system chosen f o r  t h i s  simulation are shown i n  Figure 6-2. 

t h a t  the hydmgen en ters  from a cnannel which d i e t r ibu te s  gas uniforaly aleng 

the l i n e  x = 0. 

c e l l  at x = 

from x = 0 t o  x = a. 

and exit channels, can then be bui l t  up f r o m  t h i s  single un i t .  

It is assumed 

Similarly, gas is removed uniformly along the edges of the  

a. Equations w i l l  be wr i t t en  for one u n i t  of t h i s  c e l l ,  i .e.,  

Other c e l l  configurations, which may contain more inlet 

An ac tua l  f ie1  c e l l  bat tery w i l l  cons is t  of a number of individual  

c e l l s  i n  se r ies .  

This simulation w i l l  cover a single c e l l  i n  the midst of such a battery: t h a t  

is ,  there w i l l  be no t r a n s f e r  of heat  t o  adjoining c e l l s .  

6-2, a s ingle  c e l l  i s  composed of: 

A t  present,a t h i r t y  c e l l ,  twenty-eight v o l t  u n i t  is envisioned. 

Referring to  Pigtare 

a. 

b. the hydrogen gas space, containing a screen to d i s t r i b u t e  

t h e  hydrogen half of the d i s t r i b u t o r  p la te ;  

the flow and also keep the electrode pressed against  the  

e l ec t ro ly t e  membrane; 

c. t h e  hydrogen electrode; 

d. an asbestos nembrane containing the e l e c t m l y t e ,  a potassium 

hydro xi  de solution; 

e. the oxygen electrode; 

f .  oqygen gas space screen; 

g. the oqygen s ide of the d i s t r ibu to r  p l a t e .  
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C E L L  CONFIGURATION FOR MATHEMATICAL MODEL 

BIPOLAR DISTRIBUTOR P L A T E  
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me sandwich formed by the t h i n  electrolyte membrane and the 

two t h i n  electrodes comprises a compact u n i t  on which heat and mass bal- 

ances may be taken. 

referred t o  as the  matrix. 

Hereafter In thtr seotloll, t h i s  "sandwich" will be 

(a) 

The screen i n  the gas space touches the electrode and d i s t r i b u t o r  

at points  which are but  a small  percent of t h e i r  t o t a l  surfaces. 

t r i l l ,  however, increase the  effect ive heat t r a n s f e r  area of these surfaces i n  

The screen 

the same manner as a f i n  o r  other  extended surface.  The heat and mass trans- 

fer coef f ic ien ts  w i l l  be increased by the contiuual mixing act ion of the 

screen. 

be accounted for by suitable choice of the t r a n s f e r  coefflcientr. 

It is assumed tha t  a l l  ef fec ts  of the  screen i n  the gas space can 

It i s  far ther  assursed t h a t  the  gasket material which separates the 

c e l l s  i s  a poor conductor of heat and thus that the  matrix and d i s t r i b u t o r  

plates are insulated at the edges y z t b  for a l l  values of x. 

shown that the heat conduction terms will be small  compared w i t h  the o the r  

It will be 

hea t  t r ans fe r  terms so that this assumption will be justified. 

gradients  through the thickness of the matrix will be neglected: th8t f8, 

Concentration 

although such a gradient probably does exist,thls ana lys i s  will concern only 

the  concentration on the  hydmgen side which affects the vapor pressure of 

the water evaporating in to  the hydrogen stream. 

a i d  i n  the solut ion of  the performance equations because they r e s u l t  i n  a 

The above assumptions g r e a t l y  

problem which is  one-diaensional. 

The a s s ~ t i o n s  are summarized i n  the following table: 

1. Hydrogen enters uniformly along the center  l i n e  and leaves 

uniformly at  the edges. 

The matrix, consisting of the two electmdes and the electrolyte 2. 

membrane, can be t reated as a single unit. 

(a) Elsewhere i n  t h i s  report "matrix" refers to the e l e c t r o l y t e  membrane 
only. 
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3. The e f f ec t s  of t h e  screen i n  t h e  gas space can be accounted f o r  

by su i tab le  mass and heat t r ans fe r  coeff ic ients .  

The matrix i s  insulated against  mass and heat t r ans fe r  a t  a l l  

boundaries. 

Concentration and temperature gradients through t h e  thickness 

of t h e  matrix are neglected. 

The d i s t r ibu to r  p l a t e  i s  insulated along y = fb .  

no gradients normal t o  t he  d i rec t ion  of flow. 

The c e l l  i s  one of a s tack comprising a bat tery.  

4. 

5. 

6. Thus, there  are 

7. 



6.3.1.2 Derivation of the Performance Equations 

The s i x  d i f fe ren t ia l  equations which describe the temperature and 
I 

concentration prof i les  i n  the  h e 1  c e l l  were obtained by making energy and 

mass balances on d i f fe ren t ia l  e1emer;ts across the  c e l l  and perpendicular 

t o  the direction of hydrogen flow. Ehergy balances were writ ten f o r  t h e  

matrix, the  hydrogen stream, and the d is t r ibu tor  plate.  

written fo r  the  hydrogen stream, the water i n  the hydrogen stream and the  

water i n  the matrix. 

t ab le  which a l so  shows the equation numbering system which w i l l  be used in  

the subsequent derivations. 

Mass b-nces were 

These statements a re  summarized i n  the following 

Ehergy Balances 

Matrix 
(Equation 1) 

Hydrogen stream 
(Equation 3) 

Distributor p la te  
(Equation 6) 

Mass Balances 

-- 
Hydrogen stream 
(Equation 4) 

-- 

Water 

Matrix 
(Equation 2) 

Hydrogen stream 
(Equation 5 )  
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1. Energy balance on the  matrix. 

It w i l l  be recal led that t h e  matrix refers t o  the  "sandwich" com- 

posed of the hydrogen electrode, the membrane f i l l e d  w i t h  e lec t ro ly te ,  and 

t h e  oxygen electrode. Consider a volume element of this matrix which i s  

t Centimeter thick,  one centimeter wide i n  the  y direct ion,  and of  length A x .  The 

heat  entering t h i s  volume element i s  given by 

f 
+ GR (I) 'AX + ~ h ( T h  - R ) I f  f co(T0 - R)I 2 - cw(Tm - R ) I f  

The f irst  term represents heat i n  by conduction. The second i s  the  i r r eve r s ib l e  

heat o f  t h e  reaction. 

d i r e c t l y  i n  that th is  s e t s  the r a t e  of reaction and ind i r ec t ly  since t h e  ir- 

r eve r s ib i l i t y  i s  measured by the difference between open c e l l  voltage and 

the  ac tua l  c e l l  voltage. 

i s  a function of t he  operating conditions, partic.ularly current density. R 

i s  a reference temperature f o r t h e  heat of reaction,and t h e  last th ree  terms 

represent the heat required t o  heat t he  hydrogen and oxygen up t o  t h i s  temp- 

erature and then leave the  l i qu id  water product at t h e  temperature of the 

matrix. The fac tor  f converts current density t o  gram moles per  hour per  

square centimeter. 

2 T h i s  term depends on the  current density, I ma/cm , 

The l a t t e r  i s  read from a polar izat ion curve which 

The heat leaving this volume element i s  given by 



The f i r s t  term i s  the conduction out at x + A x .  

convective losses t o  the hydrogen and oxygen streams. 

dead-ended and the stoichiometric required oxygen is  very smal l  this la t ter  

The second and t h i r d  m e  

Since the oxygen is 

term w i l l  be small compared t o  the convective losses t o  the hydrogen stream. 

Since we are f i r s t  considering cases with hydrogen flows several times 

stoic~ometric, --- --* 1 1  ---l 
WILL Ir=gsect the oxygen convective -tl..e-rm for the present, 

last  term represents the heat l o s t  by vaporizing the water i n  the matrix at 

point x and trmsfe- it into the hydrogen stream at Th and p a r t i a l  pres- 

sure of  water Pwh. 

temperature Tm and over a KOH solution of normality N. 

dead-ended,there i s  no vaporization on that side o f  the matrix. 

P(N,Tm) i s  the vapor pressure of water at the matrix 

Since the oxygen i s  

Since we a re  looking for a steady s t a t e  solution,the accumulation 

of heat i n  this volume element m u s t  be zero. Setting the heat out equal t o  

the heat in, dividing by A x, and taking the l i m i t  as A x goes t o  zero gives 

the f i r s t  different ia l  o r  performance equation 

The heat of reaction varies slightly w i t h  temperature Over the rsnge of 

temperature i n  a particular battery. Thus, i f  we take the  reference tempera- 

ture equal t o  the loca l  matrix temperature, the only approximation involved 

is  that of using a heat of reaction based on &n average matrix temperature. 

Accordingly, our equation becomes 

f 
km - d2Tm = Gm(I) - (chIf + h2)(Tm - Th) - (eo% + h3)(Tm - To) 

ax2 
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This equation can be simplified by considering the  magnitude of  

a f e w  of the  terms. 

mole C. 

The heat capacity of hydrogen o r  oxygen i s  about 7 cal/g- 

\ .  
\% 

0 2 
Current dens i t ies  have been measured up t o  1400 ma/cm , but t h e  

2 usual operating range w i l l  probably be l e s s  than 500 ma/cm . The hydrogen 

consumed i s  

ma 
1 amp I - 2 

sec 360% . 1-g-e uivalent . 1 g-mole 
2 g-equivalent 1000 m a  cm 

-5 g-mole 
= 1.865 x io I mJ 

thus t h e  conversion f ac to r  

-mole f = 1.865 x hr-ma 

and t h e  quantity 

cal 
= 0.18 - h r  9 cm2'C cIf = 7 x 1400 x 1.865 x low5 

as a maximum. For laminar flow between p a r a l l e l  p l a t e s  t he  quant i ty  

m,/k 01 8 (1-3 1 
The equivalent diameter f o r  p a r a l l e l  p l a t e s  i s  twice the  spacing or 0.4 

centimeters maximum. 0 For hydmgen,k = 1.82 ca.l/hr'cm C,so t h a t  

(1-4) 

h)) uI f .  (1-5) 

o r  

In addition, t he  sensible  heat required t o  raise t h e  vaporized water f r o m  

t h e  matrix temperature t o  the  stream temperature i s  small compared with t h e  

l a t e n t  heat,  t h a t  i s  



since T - T w i l l  ce r ta in ly  be l e s s  than t e n  degrees. Inequal i t ies  (1-5) 

and (1-6) s t a t e  that the  sensible heat terms involving reactants  and product 

going between t h e  stream and matrix temperatues a r e  negl igible .  

m h  

The performance equation becomes 

The c e l l  i s  symuetricat x = 0 and t h e  matrix i s  clamped i n  place 

with gaskets so that it i s  essent ia l ly  insulated at x = a. Thus we have 

the  boundary conditions 

2. Water balance i n  the matrix 

Let N be the  f lux of water i n  t h e  matrix i n  the  x-direction, 

2 Then, considering the same matrix volume element, the  

W 

g-moles/hr-cm . 
water formed is  fI and the  t o t a l  entering is  given by 

Nwt I + f I A x  
X 

The water leaving i s  

Again, s e t t i ng  these two expressions equal, dividing by A x, and taking the  

l i m i t  as a x goes t o  zero gives the second performance equation 
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where 

= t o t a l  molal concentration of e lec t ro ly te  b 
D = diffusivity- of  water i n  the  matrix 

X = mole f ract ion water in .e lectrolyte  

W 

2.7 

A t  steady state, the molar flux of KOH, NKoH,will  equal zero. Thusy 

and the  performance equation becomes 

w -  -- 1 "1 = f I  - k2[P[N,Tm) -Pwh] 93 1-xw [e ax2 1-xw dx 
(2-4) 

w i t h  boundary conditions 

since the  matrix i s  insulated at the  edges and the c e l l  i s  symmetric. 

3.  Ehergy balance on the  hydrogen stream. 

Consider next an element of the  hydrogen stream of u n i t  width and 

of length d x flowing between the d is t r ibu tor  p l a t e  and t he  electrode o r  

matrix surface. 

heat 

A 
flow in 

heat '  H20 H2 
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where the  terms represent t h e  enthalpy in with t h e  flowing stream, t h e  

convective t r ans fe r  f r o m  t he  matrix, and t h e  enthalpy associated with 

the  water evaporating i n t o  t h e  stream, respectively. The enthalpy out is  

+ P A x ( T h  - T ) + fi- Ax." ('h% + 'whHwj) x + x d 4l9 

where t h e  terms represent the  enthalpy out with the  flowing stream, the  

convective t r a n s f e r  t o  t he  dis t r ibutor ,  and t h e  enthalpy out u i t h  t h e  

reacting hydrogen. Quat ing  these two expressions, dividing by A x  and 

l e t t h g  4x epproach zero gives 

Different ia t ing the  lef't side gives 

dH,;h + # "h + Hw "uh . - dHll 
'h dx + 'wh dx dx 

NOW, 

and fran the hydrogen and water balances on the hydrogen stream 

dx 



Thus t h e  performance equation becomes simply 

The i n l e t  hydrogen stream temperature will be known so that the boundary 

condition is 

Th = T ( in )  a t  x = 0 (3-4) h 

4. Mass balance on the hydrogen stream. 

The flow ra t e  of hydrogen per un i t  width, Whg-moles/hr*cm, de- 

creases i n  the direct ion of flow as the hydrogen i s  consumed i n  the electrode 

reaction. 

a steady-state hydrogen balance may be wri t ten 

Referring t o  the  same u n i t  volume used in the  previous section, 

o r  

dx 

w i t h  the  boundary condition 

w = wh(in) a t  

wh = Wh(in) - fIX. 

x = 0 .  
h 

The solution t o  t h i s  equation i s  simply 

If we define the flow ra t e  i n  terms of the  parameter 

? 
hydrogen fed t o  the  c e l l  
hydrogen consumed in  the reaction F =  

then the  solution becomes 

= f I ( a F  - X ) ,  'h 

(4-3) 

(4-4) 

(4-5) 

(4-6) 

where a i s  the  length of the c e l l  i n  the direct ion of flow. 

i n  flow rate acro6s the  c e l l  becomes negligible for  the  case when a l l  cooling 

i s  done by excess hydrogen flow. 

The change 
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- ,  

5 .  Water balance on the hydrogen stream. 

The product water from the c e l l  reaction i s  removed by evaporation 

into the hydrogen stream. 

hrecm, increases with X. Considering the same volume element, a water 

The flow rate of water i n  this stream, W @;-moles/ wh 

balance gives 

which yields the  d i f fe ren t ia l  equation 

- dwwh = k2 [P(I?,Tm) - pwh]. 
dx 

This i s  a nonlinear equation since the  

hydrogen stream, pwhj i s  a f'unction of 

and the  t o t a l  p r e s s u r e , r  , i.e., 

- - 
'wh Wh + Wwh 

(5-1) 

partial pressure of water i n  the 

the  water and hydrogen flow rates 

(5-2) 

in  the  dis t r ibutor  

w i l l  apply only %o 

denote these areas 

s (x )  = 

(5 -3 )  

The p a r t i d  pressure of water i n  the iniet sti=em xiXL be k i m - ~ ~  .so that t h e  

boundary condition fo r  equation (5-1) is 

wwh = wwh(in) a t x = O  

6. Ebergy balance on the  distributor p la te ,  

Heat can be transferred t o  the d is t r ibu tor  p l a t e  from both the  

hydrogen and oxygen streams. If coolant is  being pumped through channels 

plate, there will be t ransfer  t o  this stream also. This 

those points along x where coolant i s  flowing. 

l e t  the function S(x) be defined such that 

To 

i f  there I s  no coolant flowing at x 

if there is coolant flowing at  x 
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Let 1 be the d i s t r ibu to r  thickness and k be an ef fec t ive  thermal con- 

duc t iv i ty  in t h e  x direction. Then the heat input t o  a volume element 

of un i t  width, 1 thickness, and 4 x length is  given by : 

d 

The heat out i s  

This leads t o  the performance equation 

There is  a r e s t r i c t ion  on t h i s  equation and therefore a l so  on the hydrogen 

stream equations which must be mentioned a t  t h i s  point. 

which i s  flowing i n  the d i s t r i b u t o r i s  too cold it will cause the water i n  

the  hydrogen stream t o  condense. 

viewpoint, so we introduce the  r e s t r i c t ion  

I f  the coolant 

This m u s t  be avoided from an operational 

Td > Th("a t )  9 ( 6 - 3 )  

where T (sat)  i s  the  dew point of the hydrogen stream. h 
Since the hydrogen enters  from a channel i n  the  d is t r ibu tor  at  

x = 0, a reasonable estimate fo r  t he  i n i t i a l  condition on T i s  d 
Td(0) = Th(in) a t x = O  (6-4) 

The boundary condition at  x = a will depend on the  final desigp. 

type of f i n  extended from the  d i s t r ibu to r  o r  f o r  a coolant i n  a channel 

along the  edge,the end condition might read 

For some 

Td = Td(a) at  x = a . ( 6 - 5 )  



- i  
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For the cases of gas cooling alone o r  gas cooling with internal coolant 

channels the end condition becomes 



6.3.2 Solution for the  Dynami c System with l o  Auxiliary Cooling 

For t h i s  case, the  f l o w  rate of hydrogen can be frm twenty t o  

one hundred-fifty times the stoichiometric requirement. 

terms on the oxygen s ide  may be safe ly  neglected. I n  addi t ion,  there is no 

coolant flowing i n  t h e  d i s t r ibu to r  p l a t e s  so t h a t  these terms i n  the  

performance equation (6-2) are deleted.  

The heat t r ans fe r  

The performance equations developed i n  the preceding sect ion 

lend themselves t o  considerable s implif icat ion.  

t o  the solution, a l l  the  d i f fus ion  terms were neglected. 

l i n e a r  solut ion described i n  t h e  next section. 'Phese approximations a r e  

not as severe as it f i r s t  appears. The cross sec t iona l  area avai lable  f o r  

d i f fus ion  of heat and mass i n  the  matrix i s  very small. The thickness of 

t h i s  u n i t  i s  only about 0.06 inches. 

t he  d i s t r ibu to r  p l a t e  is  conceived t o  be of t h i n  sheet metal w i t h  comparatively 

la rge  gas spaces. 

is qul te  low. An analog ccnaputer w a s  used t o  solve the ccnnplete performance 

equations. 

negl igible  water d i f fus ion  i n  the  matrix and negl igible  heat conduction 

i n  the d i s t r ibu to r  p la te ,  and show t h a t  the  l i n e a r  solut ion can correct ly  

be used i n  the  design of a gas dried-gas cooled a e l  c e l l  system. 

6.3.2.1 Linear Solution 

A s  a first approximation 

This leads t o  the  

I n  i t s  present s t a t e  of deve lopent ,  

Thus, i ts  e f fec t ive  thermal conductivity i n  the x-d i rec t ion  

The r e s u l t s  of t h i s  simulation ver i fy  the  assumptions of 

For t h i s  solut ion it i s  assumed tha t  t he  d i f fus ion  of water and 

heat i n  the  matrix and the conduction of heat i n  the  d i s t r i b u t o r  p l a t e  

a r e  negl igible .  The performance equations become 

\ 

I 
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fI = k2 F ( N , T m )  - 'Wh 
'h + 'wh 

Th = Th(in) a t  x = 0 

'h = Wh(in) - fLx 

= WWh(in) @ x = 0 'wh 

= %(Td - Th) 

Combining (5-1) and (2-6) gives 

"wh = fI - 
dx 

and solving, using (5-3)$ 

= ',,(in) + fIx 'wh 

Combining (l-g), (3-3) and (6-2) ylelds  

and using the  r e su l t s  (4-4) and (7-2) 

(3-4) 

(4-4) 

(7-1) 

(7-2) 

(7A) 
G,,, - 4 H f I  

h =  V 
dT - 
dx + wvh(in)ew + fI(\ - eh)x 

This equation can be solved, but a fur ther  s implif icat ion is possible.  

For gas cooling, the  hydrogen r a t e  is at l e a s t  twenty times stoichiometric,  

i .e . ,  



In order t o  avoid drying t h e  membrane a high water content of t he  hydrogen 

stream i s  mahtained so that Wwh i s  usual ly  grea te r  than twenty percent of 

In  addition, cw = 8.1 cal/g-mole C and ch = 6.95 but (Cw - Ch) = 1.15 
'h 
so that i n  the range of x under consideration, 

0 . 

>) f I ( C w  - Ch)X . (7-5) 
bh( in)ch  + Wwh(in)cw I 

Thus,the solution t o  equation (7-4) i s  simply 

Th = Th(in) + G, - Q H v f I  x .  (7-6) 
Wh(in)c h + Wwh(in)c W 

The temperature of t h e  matrix i s  found by solving Equation (1-9) t o  give 

T = Th + 60 - A H v f I  . 
h2 

m (7-7) 

The vapor pressure of water over t h e  matrix, F(N,Tm), i s  given 

a polynomial i n  N times the  vapor pressure of pure water at  T m (Ref. 1). 

P(N,Tm) = qq-Po(Tm) (7-8) 

Po(Tm) (7-9) 
1 - 0.0350N - 0.0034158, N < 6 
1.1836 - 0.0962~ + 0.0016858, N >6 =i 

A curve of % versus N i s  given i n  Figure 3. 

P(N,T,) gives 

Solution of (2-6) f o r  

So t h e  quantity 

can be computed fo r  any point x and then N can be determined by reference 

t o  Figure 3. 
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6.3.2.2 Analog Solution 

To obtain an ac tua l  solution, the set of d i f f e r e n t i a l  perfor- 

mance equations w a s  programmed f o r  an analog cmputer.  The diagram fo r  

t he  c i r c u i t ,  with the variables wri t ten i n  unsealed form, i s  shown i n  

Figure 6-4. 

water i n  the matrix and diff’usion of heat i n  the  d i s t r ibu to r  p l a t e  were 

cmple t e ly  negligible. The e f f ec t  of heat conduction i n  the  matrix w a s  

s l igh t .  

(dictated by the boundary conditions), but quickly became l inear .  

temperature of the d i s t r ibu to r  was equal t o  the  temperature of the 

hydrogen stream and the temperature difference between the  matrix and 

hydrogen w a s  t h e  same as i n  the l inear  solution. 

cooling gas-drying, the temperature and concentration p ro f i l e s  a re  mono- 

ton ic ,  w i t h  the i r  extreme values at the end conditions. 

The r e s u l t s  of t h i s  solution ver i f ied t h a t  the diffusion of 

Temperature prof i les  given by the  analog began w i t h  a zero slope 

The 

For the  case of gas- 

These values 

are the  same! i n  both solutions.  The differences i n  the ac tua l  prof i le  

are small and it is concluded tha t  the l i nea r  solution may be correct ly  

used in design of t h i s  f u e l  cell system. 

6.3.3 Application t o  Dynamic System with Bo Auxiliary Cooling 

A typical  f u e l  c e l l  system showing hydrogen, oxygen and 

Five parameters must now coolant streams is shown i n  Figure 6-5. 

be given t o  determine the  system. Assume t h a t  t h e  desired opemting 

pressure is 4 atmospheres, the  current density is  450 ma/cm2 and the 

c e l l  voltage i s  0.8 vol ts .  Table 6-2 shows t h e  normality ranges for 

t e n  d i f fe ren t  cases under the  above conditions. 

i 
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- I -  I '  Concentration Gradients as a Punction of Inlet  Flow Conditions 

Ha leaving Maximum 
condenser matrix temp Preheat - 

T AT B R out - i n  - P - mout 
Case 

Nwbe r F - - - 
1 13 7 86.3 104.5 0 0.5 7.9 

2 13 7 86.3 108.3 3* 7 3.2 9.1 

3 100 86.3 115.7 3.7 3*2 10.6 

4 65 129.3 3.7 3*2 15 

5 13 7 70.9 100 10.4 6.4 11 

6 13 7 75.0 100 

7 U O  75.0 105 

8 78 75.0 n5 
9 55 75.0 130 

10 47 75.0 138 

4.9 3.9 10 

4.9 3.9 u. 2 

4.9 3.9 12.8 

4.9 3 *9 15 

4.9 3 09 17 

E = 0.80 Volt6 TT = 4 a t m  2 I = 450 m/cm 

F = H2 f l o w  rate/stoichiometric H2 requirenent 

= Tenrperature H2 leaving the  condenser 
ThC 

= Ternperature r i s e  across the preheater ATP 
1 

W i n  = normality of entrance pzdnt 

NaUt = normality a t  e x i t  pDint 

T = Temperature o f  matrix a t  ou t l e t  (max ixnun  matrix temperature) 
nout 
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Consider first the system without preheater, i .e.,  i n  Figure 6-5 

l e t  t h e  area o f t h e  preheater equa,l zero. 

o u t l e t  temperature then sets the  inlet normality a t  0.5. 

t o  equations (7-7) and (7-11) shows t h a t  without a preheat of the incaming 

hydrogen the normality of the  membrane near the  entrance w i l l  always be 

low. According t o  Equation (7-7)  the  difference between the  matrix and 

hydrogen temperatures w i l l  be 

The choice of the  condenser 

Reference 

The difference between the  equilibrium vapor pressure of water over 

t h e  e lec t ro ly te  and t h a t  of the water i n  the hydrogen stream is 

The numerators of the  f rac t ions  on t h e  r i g h t  s ide  of these two equations a r e  

s m a l l  and an accurate value of the  t r ans fe r  coef f ic ien ts  is not necessary. 

A discussion of t he  e f f ec t s  of these values, including the  maximum and 

minimum cases, is given in Appendix B. 

t he  temperature difference is  about one degree Centigrade and the  difference 

For the  case under discussion here,  



i n  partial pressures i s  about 0.05 psia.  

psia ,  the value of P(N,Tm) i s  very close t o  Pwh. 

the condenser a s  the vapor pressure of water, Po(T), a t  t he  condenser 

temperature 86.3. This is  only about one degree lower than the  inlet  

Since Pwh f o r  t h i s  case is  7.85 

However, Pwh was s e t  by 

4 

matrix temperature. Thus, i f  the  water formed there  is t o  be evaporated, 

the e l ec t ro ly t e  vapor pressure, P(N,Tm), must be high enough t o  t r a n s f e r  

water t o  t h e  stream a t  Pwh. Since 

P(H,G) = Pg*PJT,) 

and Po(Tm) i s  only s l i g h t l y  higher than Pwh, Ps must be close t o  unity.  

If the  hydrogen stream is preheated s l i g h t l y  the  value of Po(Tm) increases 

and the  i n l e t  normality rises. A convenient source of t h i s  preheat is t h e  

o u t l e t  hydrogen stream. Accordingly, a l l  the  remaining cases given i n  

Table 6-2 include a hydrogen prehea.ter. 

The remaining cases i n  Table 6-2 show t h e  e f f e c t  of condenser 

temperature and hydrogen flow ra te .  

the disadvantage of requiring extra area., allows operation a t  a lower c e l l  

A lower condenser temperature, which has 

temperature f o r  a given flow r a t e  (compare cases 2 and 6 )  or  a t  a lower 

flow r a t e  fo r  a given maximum c e l l  temperature (compare cases 3 and 8). 

A t  8 given condenser temperature, decreasing the flow r a t e  increases the  

maximum c e l l  temperature and t h e  concentration gradient across the  c e l l  

( cases 6-10). 

The f i f t h  column, h Tp, shows t h a t  t h e  average normality of t he  

e n t i r e  c e l l  may be increased by increasing the  amount of preheat. 

The shape of the  normality p ro f i l e s  for two cases w i t h  t he  

following conditions: 
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T = t o t a l  pressure = 1 atm 

I = current density = 100 ma/cm2 

Tc = condenser uut le t  = 60°C 

Tout = ou t l e t  H2 temperature = 8 8 " ~  no preheat 
= 91°C w i t h  preheat 

F = H2 f l a w  r a t i o  = 75 

is shown i n  Figure 6-6. 

second the  hydrogen stream is preheated three degrees. 

I n  the f i r s t  case, there is no preheat and in the  
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6.3.4. Summary - Dynamic System with Ro Auxiliary Cooling 

The simulation predictdl t h a t  for  dynamic heat and water removal 

w i t h  no a w i l i a r y  cooling: 

1. The temperature and p a r t i a l  pressure of water i n  the  bulk 

hydrogen stream w i l l  be essent ia l ly  the same as  at the addacent electrode 

surface at any point i n  the c e l l  at current dens i t ies  a,t l e a s t  a s  high as 

450 =/an2. 

2. A t  the high hydrogen recycle rate required for the  dynamic 

system w i t h  no a,wtiliary cooling, the change i n  the water content of the 

hydrogen stream as it passes through the c e l l  i s  very small. Consequently, 

fo r  a given water content i n  the hydrogen entering the  c e l l ,  the  steady s t a t e  

e lec t ro ly te  concentration gradient over the face of the electrode w i l l  depend 

only on t h e  temperature gradient. 

3. The temperature and e lec t ro ly te  concentration gradients 

should be independent of the number of i n l e t  hydrogen channels, 

and consequently,should be independent of the distance between the i n l e t  

and ou t l e t  channels, at  least down t o  distances a t  which the diff’usion of 

heat and/or water within the matrix becomes s ignif icant .  While addi t ional  

calcula,tion est imat ingthis  dista.nce remaimto be made, work already performed 

on the  analog cmputer indica.tes t h a t  it is less than 1-1/2 inches. 

Should calculation show that the interckannel distance required t o  even out 

temperature and electrolyte  concentration gradients i s  too small for  

reasonable c e l l  constructior) there  would be no advantage i n  providing more than 

one i n l e t  and one o r  two ou t l e t  channels fo r  the  recycle hydrogen. 



4. Preheating of the hydrogen stream entering the battery,  

preferably by the ex i t  hydrogen stream, would be required t o  maintain 

the KOH concentration above 3 - 3  at  the  gas inlet .  

necessary since, as shown in Section 5 ,  c e l l  performance declines sharply 

at KOH concentration below 3 - 3 ,  particularly at current densit ies above 

(This would be 

loo majcsl". ) 

5. I n  8 dynamic system w i t h  no auxi l iary cooling, maintenance 

of the  electrolyte loading within the  limits defined i n  Section 5, e.g., 

2.0-3.0 g/g fo r  ACCO Asbestos, may be d i f f i cu l t ,  since the8e loading 

limits set limits of 2-3 variation i n  e lectrolyte  concentration, regardless 

of what electrolyte concentration i n i t i a l l y  is  put i n  the matrix. 

other hand, provision of auxiliary internal cooling should simplify the 

problem of limiting t h e  variation i n  e lectrolyte  concentration t o  within 

2-3, by minimizing t h e  temperature gradient. 

advantage of the dynamic system w i t h  auxiliary cooling. 

%adeply  ~ e p e r t ( ~ 1 t  -as shorn t ha t  a d-,.namiz zysten! v i th  mxiLiary cml iog  

w o u l d  be more desirable than one without auxiliary cooling because t h e  

former would require a considerably smaller hydrogen recycle rate, resul t ing 

i n  a recycle pump weighing less  and consuming less paras i t ic  power. 

On the 

This, then, is an additional 

I n  the  Second 



7. l?u!rm3 worn 
During the fourth quarter ly  period, work on Phase I of the !fork 

Schedule w i l l  continue i n  t h e  following areas:  

( a )  Develop techniques for  protect ing or su i t ab le  materials f o r  

replacing nickel e lectrode support screens. The use of precious metal 

plat ing,  i n e r t  p l a s t i c  materials,  or more r e s i s t a n t  alloys w i l l  be s t u d i e d .  

( b )  Investigate f'urther t he  e f f e c t  of pressure on c e l l  

performance, and t h e  inter-relakionships between pressure and other 

operating variables such a s  temperature and e l ec t ro ly t e  concentration. 

( c )  Extend t h e  study of operating var iables  t o  include temperatures 

up t o  a t  least 150°C, and e l ec t ro ly t e  concentrations up t o  the  l i m i t s  

imposed by so lubi l i ty .  

( d )  Continue l i f e - t e s t i n g  t o  study operation a t  higher 

temperatures ( t o  100°C ), higher current dens i t i e s  (200-400 ma/cm2), and 

pressures sbove atmospheric. 

be evaluated. 

Improved electrode support mater ia ls  w i l l  a l s o  

I n  the th i rd  quarter,  work on Phase I1 was in i t i a t ed .  This work 

w i l l  be continued i n  the folluwing areas:  

(a,) The 6 inch x 6 inch c e l l  w i l l  be evaluated i n  operational 

tests over a range of operating conditions and tes t  durations.  

( b )  Analysis of heat  and mass t r ans fe r  problems assocjated w i t h  ba t te ry  

operation w i l l  continue. I n  par t icu lar ,  t h e  use of an in t e rna l  coolant f o r  

heat  removal w i l l  be studied. 

( c )  Design of a 2 kilowatt bat tery,  u s i n g  bipolar  separator  p la tes  

of novel construction, w i l l  be completed. The desPgn w i l l  emphasize light- 

weight construction, and w i l l  be based on the s tudies  of the e f f e c t  of' operating 

var iables  and the analysis  of heat  and mass t r a n s f e r  problems described i n  

the  preceding paragraphs. 
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APPENDIX A 

Nomenclature for Mathematical Ana lys i s  

Spbol Definition 

a one-half electrode length i n  x-direction 

b one-half electrode length in y-direction 

C heat capacity of j 
j 

difr'usivity of water i n  matrix 
DW 

I 

diffusivi ty  of KT ions i n  matrix 

moles €$ consumed per hr. per ma of current 

nioles H fed/mole 5 reacted 

entering at ROC and the  product being l iquid water at 
ROC. 

Dk 

f 

F 

G (I) heat generated due t o  i r revers ib i l i ty  with reactants 
2 

H.(T) enthalpy of component j a t  temperature T 
J 

h i  heat t ransfer  coefficient at hydrogen dis t r ibutor  
plate  

h2 heat transfer coefficient at  hydrogen electrode 

h3 heat transfer coefficient at oxygen electrode 

h4 heat transfer coefficient at oxygen dis t r ibutor  plate  
I Current dens it y 

k, 

% conversion factor 

mass t ransfer  coefficient at hydrogen electrode 

effective thermal conductivity of the dis t r ibutor  p la te  

effective thermal conductivity of matrix composed of 
screen-electrode-solution and membrane-electrode-screen 

Ipn 

1 thiclmess of distributor plate 

N normality of KOH solution in  matrix 

mass flux of water 
NW 

P(N,T) p a r t i d  pressure o f  -m.ter over matrix a t  temperature 
T and normality N 

P pa r t i a l  pressure of water in j stream j=h=hydrogen 
w j  j=o=oxygen 

Units 

cm 

cm 

2 cal/hr- cm 

cal/g-mole 

cal/hr*cm c 2 0  

cal/hr.cm2 OC 

cal/hr.cm2 'C 

cal/hr.aa* "C 

ma/cm 

g-moles/hr-cm psig 

cal/hr - watt 

cal/h*cm2 OC/cm 

cal/hr. cm2 'C/cm 

2 

2 

c m  

equiv l l i t e r  

g-moles/cm hr 

p i a  

2 

psia  

R reference temperature 
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Symbol Defini t ion 

t thickness of membrane + electrodes 

'11 temperature 

W flow rate  of j 
3 

X distance coordinate 

Y distance coordinate 

0 molar concentration of  ttdensityt' 

t o t a l  pressure 

Subscripts 

h 

0 

w 

m 

a 

C 

wh 

hydrogen 

oxygen 

water 

matrix 

d i s t r ibu to r  

coolant 

water i n  the  €$ stream 

Units 

cm 

C 0 

g-moles/hr*cm of  
width 

cm 

cm I 

g-moles/cm 

ps i a  



APPENDIX B 

Effect of Transfer Coefficients 

In the preceding discussion,it was  noted that the lack of accurate 

values of  the transfer coefficients did not seriously a f fec t  the results. 

T h i s  assumption will be mS;t severe for the  case of  high current density 

when the numerators i n  equations (7-7) and (7-10) are  greatest. 

case 8 in Table 6-2 in whicb I = 450 ry/clp2. The inlet normality for 

this case was 3.9 and the outlet 12.8. 

Consider then 

The maximum value f o r  k p a y  be taken as infinity.  The minimum 

value would correspond to  pure molecular diff’usion across the width of the 

channel, . This gives 

9 min = Dwh = 0.093 .-, Rm hr*cm apsis 

The &value usedinthese calculations was 0.2. Tho values below show the small 

effect of not actually knowing b,including the extreme case of &= 0.1 k2 

Nin 

4.05 
3.9 
3.8 
2.1 

“out 

12.9 
12.8 
12.8 
12.2 

For the heat transfer coefficient we may again take the m a x i m u m  

FOT the minimum value, l e t  us assume that the hydrogen value as infinity.  

i s  i n  laminar flow between the paral le l  plates of the electrode and d i s t r i -  

butor, but neglect the mixing effect of the screen and its addition t o  the 

heat transfer area. In  addition, assume that the heat i s  generated not at 



t he  surface of t he  electrode but at  i t s  center and tha t  a l l  the  heat must 

be t ransferred t o  the  surface through the least  conductive material in the 

electrode, i.e., Teflon. For laminar flow between p a r a l l e l  p la tes  

or 

Also  through half the electrode 

A 

i n  t h e  screen,the hydrogen i s  mixed an2 the e f fec t  i s  similar t o  the heat 

t r a n s f e r  i n  the i n l e t  region of a channel. 

electrodes furnished by the  screens and the turbulence caused by the gas 

flowing around the  screens both w i l l  increase the  value of h o v e r  h, min. 

The calculated concentration differences resul t ing f r o m  these several  valux 

of -re shown below, 

value of h,of 360 was used,based on the assumption that a r t e r  each wire 

The extended surface of  the 

%n 

3 -8 12.8 
399 12.8 
4.9 13.1 

h2 = 76 plus a 2.loC r i s e  t h r u  the  
e l ec t  rode 5 98 13.4 

Thus,using reasonable or even minimum values f o r  the t r ans fe r  

coeff ic ients  does not seriously change the  resu l t s .  
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